Handoff among healthcare providers has been recognized as a major source of medical errors. Most prior research has often focused on the communication aspects of handoff, with limited emphasis on the overall handoff process, especially from a clinician workflow perspective. Such a workflow perspective that is based on the continuity of care model provides a framework required to identify and support an interconnected trajectory of care events affecting handoff communication. To this end, we propose a new methodology, referred to as the clinician-centered approach that allows us to investigate and represent the entire clinician workflow prior to, during and, after handoff communication. This representation of clinician activities supports a comprehensive analysis of the interdependencies in the handoff process across the care continuum, as opposed to a single discrete, information sharing activity. The clinician-centered approach is supported by multifaceted methods for data collection such as observations, shadowing of clinicians, audio recording of handoff communication, semi-structured interviews and artifact identification and collection. The analysis followed a two-stage mixed inductive-deductive method. The iterative development of clinician-centered approach was realized using a multi-faceted study conducted in the Medical Intensive Care Unit (MICU) of an academic hospital. Using the clinician-centered approach, we (a) identify the nature, inherent characteristics and the interdependencies between three phases of the handoff process and (b) develop a descriptive framework of handoff communication in critical care that captures the non-linear, recursive and interactive nature of collaboration and decision-making. The results reported in this paper serve as a ''proof of concept'' of our approach, emphasizing the importance of capturing a coordinated and uninterrupted succession of clinician information management and transfer activities in relation to patient care events.
Introduction
Handoffs in healthcare refer to the transfer of care from one clinician to the next and involve a transfer of information, responsibility and authority for patient care [11, 46, 56] . Handoffs are often considered error-prone [36] , affecting the continuity, quality and timeliness of the patient care process [17, 19, 31, 49] . To minimize handoff failures, the Joint Commission [57] has mandated all US hospitals to standardize information transfer practices by adopting safe and systematized communication protocols. While some hospitals have incorporated customized standards, mnemonics and tools for handoff communication [10, 25, 61] , there are currently no universally adopted standards for handoff communication [46] . As a result, very seldom are they followed [26] . Limited adoption of such standardized practices for handoffs could be traced, partially, to a lack of proper understanding of the nature of handoffs, challenges faced during handoffs and its key contributors.
In prior work, researchers have often focused on understanding handoff as a discrete communication activity [12] , independent of other surrounding activities in the clinical workflow. While handoff in itself is an isolated care-related activity, it must be considered within the overall context of the clinician workflow, both prior to, during and, after information transfer [53, 54] , in view to developing a detailed understanding of its challenges and related root causes. Such an understanding about the overall handoff process will help to better align our efforts towards the design of effective standardized tools and protocols that are integrated within the clinical, organizational and social fabric of the hospital environment.
Therefore, to gain deeper insights about the handoff process, we develop a methodological approach referred to as clinician-centered approach, predicated on understanding the handoff communication activity, within the global context of clinician workflow. The approach utilizes the ''continuity of care'' model not only to capture the nuances of handoff process and potential interdependencies within the process, but also to trace interdependent activities that mediate and affect the communicative exchanges between clinicians. The insights gained by using this approach can help us to (a) alleviate some of the handoff challenges that have been highlighted In addition to interviews, some researchers have utilized surveys for collecting retrospective data on communication with significantly larger participant samples. For instance, Philibert [43] investigated the various aspects of resident handoffs that impacted information accuracy using a survey administered to 844 residents in various clinical services. The handoff survey used in this particular study (and others) was primarily focused on certain specific attributes of handoffs that were under investigation such as mechanism of handoff, handoff events, and handoff errors.
Surveys, in general, provide limited insights on the complex nature of handoff process and its interdependencies. This can be attributed to several factors: First, survey questions are often written in a standardized format enabling response from a large sample of participants, leading to the possibility of being only marginally appropriate for certain specific groups of respondents. Second, large sample size (usually in hundreds) is required to develop a significant understanding of the process. Third, and most importantly, survey questionnaires fail to capture the contextual elements of dynamic and clinical work.
Prior observation studies on handoffs were primarily focused on the investigation of the meaning and structure of communication content [37, 40, 42] . For example, Smith et al. [52] performed observations of the handoff communication activity to understand how anesthetists transferred information and responsibility to nurses in the recovery room. Although some of these observations provided some general insights on the important role of the clinical context in handoff communication, we are still unable to identify the inherent nature of the clinician activities (and characteristics) that may have an impact on the effectiveness of the information sharing activity.
Different analytical approaches and methods have been used to code and evaluate the communication data. Analysis of handoff communication data was mainly based on a range of qualitative methods such as the constant comparison method (e.g., [2, 3, 9] , content analysis (e.g., [20, 37] ), process tracing and discourse analysis [8] . For instance, using content analysis of a physician handoff tool (PHT) use, Flanagan et al. [20] found that over 90% of PHT forms contained patient identifiers, demographics, location, current medication list, short-term concerns, less than 50% contained race, allergies, code status, IV access, test results, long-term plan, psychosocial concerns and 70% consisted of assessment and plan.
Based on our review of the handoff literature, we identified that the research focus has been primarily on understanding the nature of ''communication'' behavior during handoffs [29, 34, 35] . Consequently, researchers have adopted a handoff-centered approach to study communication activity between clinicians. However, we would like to point out that most of these prior studies had specific research objectives (and questions) related to different aspects of the handoff communication activity as opposed to developing a complete understanding of the handoff process and its interdependencies. Nevertheless, as described earlier, most research methods used to examine handoff challenges have their own strengths and weaknesses. While these data collection and analytical methods are useful for understanding the types of breakdowns in communication during handoffs, they were in itself inadequate for evaluating the outcomes of handoff communication [47] , which we believe, is often dependent on the clinicians' activities that precede and follow the formal communication activity. Additionally, it also requires a methodological approach that is predicated on flexibly using multiple methods (e.g., observations, shadowing) to effectively capture the entire workflow around handoff-related activities. To address this issue, we propose and further develop a clinician-centered approach for investigating and evaluating handoffs.
Theoretical rationale
The clinician-centered approach is based on capturing the contextual factors that impact the continuity of care across multiple clinicians attending to a patient. Continuity of care supports a comprehensive and synchronized approach to patient care delivery and utilizes a ''day in the life'' approach [23] . Hence, it provides ''a coordinated and uninterrupted succession of events consistent with the medical care needs of the patients'' [51] . However, maintaining such continuity during a patient's care delivery process is a major healthcare challenge.
To reduce fragmentation in care [1] , hospitals have incorporated patient handoffs as avenues that facilitate the transfer of patient information (including responsibility and control) between clinicians. However, the effectiveness (i.e., quality) and efficiency (i.e., timeliness) of information flow between clinicians is dependent on the clinicians' activities and workflow. Therefore, we argue that by adopting a clinician-centered approach (grounded in the continuity of care model) where we shadow clinicians, we can develop a more accurate and nuanced representation of the overall handoff process with respect to a temporal sequence of the clinician's information management and transfer activities as they relate to patient care events. Capturing the nuances within such a model not only affords insights into the characteristics of a complex environment [28, 40] , but also provides increased clarity on the interdependencies between the various workflow components [32, 41] , the challenges that arise from these interdependencies and its impact on patient care [45, 59] . Similar arguments were developed by Collins et al. [16] , who described the importance of incorporating the handoff information elements into a continuity of care document (CCD).
The clinician-centered approach is based on the following key features: (a) it utilizes a multi-method approach with shadowing as the fundamental data collection method. The use of shadowing as a data collection method is a key aspect of the clinician-centered approach, as it provides a detailed trace of progression of events in a clinical workflow. The use of other methods (e.g., interviews or observations) is dependent on the particular context of study (e.g., primary care vs. critical care) and other environmental constraints, and (b) the specific methods (except shadowing) that can be used are interchangeable. For instance, interviews can be replaced with the verbal think-aloud method, if that can potentially provide better information regarding a specific aspect of the handoff process (e.g., reasoning behind how residents fill up the progress note prior to the rounds).
To summarize, our clinician-centered approach for studying handoffs provides several advantages: (a) identifying communication errors and related challenges during transitions of care between clinicians, (b) tracing the cause and progression of such transition errors, and (c) providing a systematic, temporal sequence of the features and constraints around the context of handoffs.
We believe that such an approach that utilizes the continuity of care model can potentially alleviate the current gaps in handoff research. Such a perspective helps us to: (a) evaluate handoffs within the broader context of clinician workflow, and (b) develop a comprehensive framework that describes handoff communication, and (c) identify the various points of communication breakdowns and also, trace the potential sources for these breakdowns.
Method

Study site
The study was conducted in a 16-bed MICU of a teaching hospital in Texas with an average of 55,000 emergency department (ED) visits per year. The MICU in this hospital is a ''closed'' ICU, where the MICU team is primarily responsible for the care of patients admitted to the unit. Before the start of this study, the first author attended an MICU training session for new residents and interns rotating in the unit to learn more about roles and responsibilities of MICU team and to also familiarize with the unit's policies and protocols. Our research team also provided an overview to MICU staff about our prior research on patient safety, expertise in conducting fieldwork in hospital settings and efforts to ensure confidentiality of data. The institutional review board (IRB) approved the study.
Participants
Participants included patient-care teams that were on-call (i.e., on service) and actively involved in continuity of care activities in the MICU.
These patient care teams comprised of an attending physician, a clinical fellow, residents, interns, a pharmacist, a respiratory therapist and nurses. The roles and responsibilities of each of the MICU team members are described in Table 1 .
While the attending physician, fellow, pharmacist and nurses worked on 12-h shifts, the resident and intern worked 28-h shifts. During a 28-h shift, the resident with the support of an intern, was primarily responsible for care delivery activities of all the patients in the MICU. However, as patients often stay several days in the MICU, patient care responsibilities were transferred among residents across multiple shifts.
MICU workflow terminology
At the beginning of each shift, the resident and intern who take charge of patient care activities are referred to as the ''on-call resident'' and ''on-call intern''. During handoffs, the on-call resident and intern are referred to as outgoing resident and outgoing intern while the oncoming resident and intern are referred to as the oncall resident and on-call intern for the new shift. Apart from the on-call resident and intern, the oncoming team is comprised of the attending, clinical fellow and the pharmacist. After handoffs are completed, the oncoming resident and oncoming intern takes charge of patient care activities in the MICU. In this paper, we report on our investigation of resident handoffs in the MICU. The MICU team workflow and terminology is illustrated in Fig. 1 .
Resident handoffs in MICU
Our study site did not have a formal resident ''sign-out'' or handoff between residents. Instead, the morning rounds in the MICU were used as a venue for resident handoffs. These rounds were an example of group handoffs that were attended by the entire MICU team. The MICU team during handoffs consisted of the outgoing team (resident and intern), and an oncoming team (attending physician, clinical fellow, resident, intern and pharmacist). During handoffs, the outgoing resident (or intern) presented patient status information and updates to the oncoming team (see Fig. 1 ). The attending physician managed the rounds and therefore was ''active'' in the handoff communication activity with the outgoing team, while the other oncoming team members were ''passive'' in their communication and was involved in the discussion only when there was a need for information clarification or teaching.
Clinician-centered approach and its evolution
The clinician-centered approach to handoff analysis evolved over several iterations of data collection. We started our study with a handoff-centered approach and transitioned into a patient-centered and, finally, to a clinician-centered approach.
In the handoff-centered approach, data was collected only during handoffs (i.e., at shift changes). Several prior research studies have utilized this approach for data collection [29, 43, 52] . We observed and took meticulous notes on the interaction and verbal communication behavior during nine (9) morning rounds, each of which lasted between 3 and 4 h. During each round, upto 16 group handoffs occurred between the outgoing resident (and/or intern) and the oncoming MICU team. The first author observed a total of 144 handoffs [9 rounds Â 16 patients per round] over a period of 2 months.
An example of patient data captured using this approach: ''if we get the NGtube (Nasogastric intubation) back in, it will cause trauma, whatever issues she had and cause bleeding like last time. So she either has to take in PO or you have to give her ativan IV. You could rather do that. So she can't take librium. '' In this particular handoff case, when the outgoing resident provided patient management plan for inserting an NGtube, the oncoming attending cautions her about potential trauma and bleeding that will result from the proposed plan. Instead the attending suggested alternative plans such as PO or ativan IV.
While the handoff-centered approach provided rich data on the content and form of handoff communication, we were unable to characterize the context within which the information was described. In above-mentioned quote, although we captured detailed patient handoff data transferred between the outgoing and oncoming teams including patient demographics, overnight events, assessment and plan, we were unable to understand the reason for not administering librium to the patient and what types of patient issues that the attending was referring to. During handoffs, such reasoning efforts were rarely undertaken, leading to potential increased misunderstanding about a patient case and consequently, potential errors.
To better characterize and understand the nature and content of handoff communication within the larger context of patient care workflow, we adopted a patient-centered approach. In this approach, we focused on specific patients from the time they arrived in the MICU till they were discharged from the unit. We followed three (3) patients while using this approach. During these sessions we gathered data on the verbal information exchanges of care providers who came in contact with the specific patient (that occurred right outside the patient room). Two of the patients stayed in the unit for about 48 h while one patient stayed in the unit for 72 h.
The first author, with the help of a graduate student researcher, collected data on these patients when they were in the MICU. While the handoff communication between outgoing and oncoming teams for these particular patients was audio-recorded, the physician-patient, nurse-patient, and physician-physician interactions and information exchanges related to these patient cases were documented using field notes. Additionally, we also captured information on events in the patient-care trajectory [55] as they evolved over the course of the patient's stay in the MICU.
In spite of these data collection attempts, we were unable to track and follow multiple clinicians as they were attending to information regarding the selected patient elsewhere. For example, we were unable to record information on care activities for a specific patient performed simultaneously at different locations by the resident and the patient's assigned nurse. Furthermore, the success of this approach also depended on choosing the ''right patient to observe'' -some patients we followed were transferred out of the MICU in less than 2 days after they were admitted, while others were declared DNR/DNI (do not resuscitate and do not intubate) code status after a day or two. As such there was no way to ascertain the length of MICU stay or their acuity, at the time of patient admission into the MICU (i.e., at start of the patient-centered data collection). The uncertainty of the length of patient stay in the MICU resulted in significant challenges for using the patientcentered approach.
Finally, we utilized a clinician-centered approach to data collection. The clinician-centered approach was based on an underlying assumption that handoff-related events were not limited exclusively to the transfer of information between clinicians but depended on a temporal sequence of clinician activities both prior to, and, after the handoff. Such a trace of activities helped in developing a more accurate and nuanced representation of the overall Clinical fellow Intensivist in training and makes major decisions in the absence of the attending, and keeps the attending informed of patients' status and also supervises all residents and students for daily duties, including patient care and procedures Medical resident Post-graduate physician in their second or third year internal medicine residency training and is in charge of patient-care activities in the MICU, and works under the direction and supervision of the attending physician Medical intern A physician in their first year of residency training and is in charge of care activities for patients in the MICU, and works under the direction and supervision of the attending physician and the resident Pharmacist Monitors drug therapy; reviews medication regimen and provides other medication recommendations Respiratory therapist
Evaluates and performs therapeutic treatment and diagnostic procedures for patients with respiratory or other cardiopulmonary disorders handoff process and its impact on the continuity of care activities. As previously explained (see Section 2.1), the clinician-centered approach was predicated on the well-acknowledged continuity of care model. In the clinician-centered approach, we closely followed the on-call resident during their entire shift, i.e., from 8 am on first day to 12 pm on the following day (a total of 28 h at a time). During these shifts, we gathered data on both patient care and patient flow activities performed by the on-call resident. Patient care activities included performing procedures, evaluating patient status, coordinating patient care with consulting physicians, and communicating care decisions with patient families. Patient flow activities included getting patient report from a transferring service, coordinating with the attending physician about potential patient discharges, and preparatory activities for handoff of patient care information.
We provide examples from our data to illustrate the different types of data that were gathered using this approach (see Fig. 2 ). The example has three parts: the first part (refer to Fig. 2 under heading ''preparatory activities of the resident prior to handoff'') describes the on-call resident's activities prior to the handoff communication (i.e., morning rounds). For example, at 6:10 am, the on-call resident writes down the medication list and their values of patient in room 1 from the EMR on to her progress note. The second part of the example (''handoff communication sequence'') illustrates the actual handoff information exchanges between the outgoing resident and the oncoming MICU team. For instance, the outgoing resident presents the medication list with their values ''Medicines, she is on vancomycin.'' Finally, in the last part of the example (''resident activities following handoff''), the new oncoming team gets involved with the completion of pending tasks for the patients and newly assigned tasks. For instance, the on-call resident evaluates a new patient in room 5, writes DNR/DNI orders for an old patient in room 1, informs the attending that he has made necessary arrangements for an old patient in room 6 to get a protocath. These examples are highlighted in Fig. 2. The example shows the level of granularity and detail that were captured about the entire clinician workflow activities with respect to handoffs including (a) preparatory activities for handoff such as patient-care workflow data, status of lab reports, and possible reasons for consult update delays, (b) handoff communication data such as problem list, MICU status, assessment and plan and, (c) clinician data on patient care delivery tasks and activities that were either pending or completed. Furthermore, the use of the clinician-centered approached helped in obtaining clinician data on a varied mix of patients (unlike the patient-centered approach which focused on specific patients) with different medical conditions and acuity ranging from simple to extremely complex.
To summarize, we identified that the various approaches (i.e., handoff-, patient-and clinician-centered) have different theoretical and methodological underpinnings: the handoff-centered approach is based on a discrete communication-event model, the patientcentered approach is based on a distributed patient-care model and the clinician-centered approach is based on a continuous caredelivery model. In order to capture the nuances and progression of handoffs, the clinician-centered approach is a better overall fit.
Next, we highlight the data collection and analysis methods that were undertaken using the clinician-centered data collection approach.
Data collection
We employed ethnographic data collection methods including general observations, clinician shadowing, semi-structured interviews, and artifact identification and collection [21] . Ethnographic methods allowed us to gain meaningful insights on the nuances and complexities of patient handoff practices in the MICU. Similar approaches have been utilized extensively in the biomedical informatics research [30, 32, [39] [40] [41] .
3.5.1.1. Observations. We started our data collection with general observations of the clinician workflow to get a sense of the activities of the team members, and their roles. Once we obtained an overall understanding of the patient care activities and processes in the MICU that were related to handoffs, we incorporated clinician shadowing, audio recording of handoff communication during morning rounds, semi-structured interviews and artifact collection as additional sources of data.
3.5.1.2. Clinician shadowing. Shadowing techniques involve one or more researchers closely following a participant over a period of time. We closely shadowed the on-call residents, who were primarily responsible for carrying out the patient-care tasks and hence maintaining continuity of care in the MICU. Hence, shadowing was a fundamental and necessary method in the cliniciancentered approach. During our shadowing of on-call residents, we meticulously documented handoff-specific data, patient-care workflow data and oncoming resident related data (similar to example provided in Fig. 2 ). For instance, we took handwritten notes on the resident's activities, actions performed, information flows, their interactions with other care providers, artifacts used, and locations they visited during their entire shift.
3.5.1.3. Audio recording. In addition to the shadowing of on-call residents, we also audio-recorded the communication and interactions between the outgoing and oncoming teams during the group handoffs. Using audio-recordings of handoffs, we were able to capture the information exchanges, assess the consistency of handoff interactions and the breakdowns or gaps in information flow. The audio recorder was carried in the coat pocket of the attending physician.
The clinician shadowing and audio recording of communication data were performed for 5 days (3 consecutive days followed by 2 non-consecutive days). During these time periods, the first author shadowed five on-call residents for their entire shifts (with short breaks during which a trained graduate student collected the shadowing data) and audio-recorded communication related to eighty separate patient handoffs (i.e., between 13 and 16 MICU patients per day for 5 days = 75 handoff episodes) (see Table 2 for the details of the data collection).
3.5.1.4. Semi-structured interviews. Apart from the informal conversations with the MICU team, semi-structured interviews with MICU attending, clinical fellows, nurses and residents were also conducted. Each interview lasted between 20 and 40 min. The interview questions were mainly focused on (a) handoff workflow (b) strategies and mechanisms used to support the handoff process, (c) handoff communication content and structure, (d) handoff obstacles and challenges, and (e) their recommendations for process improvement. Sample questions included: 3.5.1.5. Artifact identification and collection. Finally, we identified a few artifacts including patients' EMR, patient chart, and progress note that were used during handoff communication. Among these, we found the progress note to be of special importance as the oncall resident used its structure as a guide for organizing information prior to the handoff and for communication during the group handoffs although it was not designed specifically for handoff communication. The progress note was developed as a generic tool for management and coordination of care process in the MICU. Based on our analysis of its content, we found that the progress note comprised of patient-case information structured using the SOAP (Subjective, Objective, Assessment and Plan) format. A sample progress note is provided below in Fig. 3 .
Data analysis
Prior to the data analysis, all observation, shadowing, interview and audio-recorded handoff data were transcribed. We adopted a two-stage mixed inductive-deductive approach for our data analysis. In the first stage, we used an inductive method of analysis using the grounded theory approach [24] , where a structured coding scheme of handoff process was developed using the data from observations and shadowing. In the second stage, we deductively analyzed the audio-recorded handoff communication data using the structured coding scheme.
3.5.2.1. First stage. Three sources of data (observation notes, shadowing notes and interviews) were used for the preliminary analysis. Data analysis was primarily performed using grounded theory approach [24] , a well-recognized research method used to analyze data in different research fields [27, 60] . The grounded theory [25] approach uses a ''constant comparison'' mechanism, where consistently occurring ''codes'' are compared in an iterative manner, eventually, leading to the development of a substantive theory or framework. The GT approach is based on the assumption that such an analysis would provide a deeper understanding of phenomena occurring in real-world contexts by creating evolving hypotheses about activities and human behavior through a systematic coding and categorizing of data. The strength of GT lies in the fact that the coding is a continuous, iterative process and codes (or categories) that emerge from the data give rise to hypotheses (e.g., themes). These hypotheses are, in turn, strengthened, modified, or discarded over several cycles of iterative coding.
The iterative process in the GT approach involved open, axial and selective coding of the transcripts [58] . Open coding refers to the labeling of text with fundamental open codes in an analytical manner. During open coding, transcripts were analyzed lineby-line to identify emerging codes related to the handoff processes.
Examples of some open codes included handoff goals, handoff coding, open codes were evaluated to identify recurring patterns and relationships that led to the formation of higher-level categories. We derived several relevant core categories such as handoff phases (such as pre-turnover, handoff and post-turnover phases), interdependencies between phases, coordination activities, communication events, patient-care activities, information breakdowns, information problems, collaborative problem solving/decisionmaking, final decision on assessment and plan.
Finally, selective coding refers to coding around the core categories to explain a theme or phenomenon from which a theory can emerge. During the selective coding process, the core categories were reanalyzed for identify emergent concepts and themes related to the handoff process. These core categories then served as a foundation to develop a structured coding schema related to the handoff process. For instance, at the end of the selective coding, the activities in the three phases in the handoff process were clearly identified and distinguished and a basic handoff communication activity framework was also developed.
We provide an illustration of the analysis process involved in the first stage in Table 3 . The example illustrates an information exchange related to patient assessment and plan between the outgoing resident and oncoming team during handoffs.
The open codes included information exchange, actors, interaction pattern and types, feedback, and handoff tools. In the axial coding step, we identified a relationship between the information presentation by the outgoing resident and the feedback by the oncoming team, which were labeled as communication events. Finally, during selective coding, we developed a handoff communication framework that illustrates the fundamental process of handoff communication between outgoing and oncoming teams. of the communication events during handoffs to identify the information breakdowns and its characteristics, and the activities that are performed to workaround the information breakdowns during handoff communication. Additionally, we also analyzed the progress note artifact that structured the communication during handoffs. Based on the content analysis of the progress note, we identified fifteen distinct communication events (CE's) that occurred during each patient handoff (details are provided in Table 5 ). For instance, the first communication event, CE1 included basic patient information -admission information and summary of some maintenance therapies.
After the completion of analysis, a second reviewer independently evaluated a half of the transcripts. There was over 85% agreement between the reviewers.
Results
Clinician activities in handoff process
Using the clinician-centered data collection approach, we captured the complete sequence of the clinician activities that contribute to, and, affect the handoff process. The handoff process can be categorized into three phases: pre-turnover, handoff and postturnover phases. While similar sub-categorization of handoffs has been previously reported [15] , we extended prior research by identifying and characterizing core clinician activities that were involved within each of these phases.
The pre-turnover phase comprised of coordination activities performed by the on-call resident as preparatory steps for handoff communication. Coordination activities helped in managing interdependencies between individual tasks [33] . Five coordination activities performed by the on-call resident in the pre-turnover phase were identified: examination of patients, gathering of information from different sources, updating of information on the patient chart, reviewing and reasoning of available information and preparation of progress notes for handoff communication (see Table 4 ). These were considered as coordination activities as each of them had multiple, interdependent tasks that were performed for successful completion of a particular activity. For example, examination of a patient involved several interdependent tasks such as talking to patient, getting patient vitals, assessing patient's body systems, extracting data from patient monitors and monitoring these values. The successful completion of the coordination activity was predicated on the effective management of interdependencies between its associated tasks.
The pre-turnover phase had two characteristics: (a) coordination activities as preparatory steps for handoff communication, and (b) although the responsibility of successfully completing the pre-turnover activities was solely with the on-call resident, there was an active collaboration and coordination with the various clinicians (e.g., nurses, pharmacists), for seeking, gathering and organizing the necessary information.
The handoff phase comprised of communication events related to specific patient cases. During this phase, the outgoing resident (or intern) communicates with the oncoming MICU team on the status of patients and their care activities. A communication event refers to the information exchange between the outgoing and oncoming teams (interaction based on give, receive and feedback of information) across a communication channel for a specific purpose [62] . For instance, a communication event (CE 15, see Table 5 for a list of communication events derived from the analysis of the MICU progress note) includes all team interactions and information exchanges related to the patient's assessment and plan of care between the outgoing and oncoming team. As described earlier, these communication events were structured based on the progress note format (see Fig. 3 ). For instance, the outgoing resident presented CE1 (specifies the MICU day no, MICU Day #, Vent Day #, Problems, Lines, Drips, Nutrition, Prophylaxis) through CE15 (final assessment and plan for the next 24 h) for each patient case.
The handoff phase had two characteristics: (a) structural organization of the communication events was based on a generic patient progress note format, and (b) effectiveness of outgoing resident's communication events were often predicated on their successful completion of preparatory coordination efforts in the pre-turnover phase.
The post-turnover phase was composed of patient-care delivery activities performed by the new on-call resident (i.e., the resident from the oncoming team who took charge for the current shift) after handoff. The on-call resident first followed-up on immediate and urgent patient-care delivery activities of old patients based on decisions made during handoffs. Some of the immediate patientcare delivery activities performed by the resident included assignment of patient-care tasks to the on-call intern, division of patient assignments, searching for any information updates from the patient's EMR, review of patient-care information to fully understand the patient case, and completion of pending (incomplete tasks/orders from the prior shift) and newly assigned tasks (additional tasks decided during the prior handoff phase) (see Table 6 ). Table 4 Pre-turnover phase coordination activities (CA) (adapted from [3] Final care decision on each of the systems Analysis, decisions, and plan of care for the patient based on information above, organized by system or problem list Table 6 Post-turnover patient-care delivery activities (PA During the post-turnover phase, patient-care delivery activities were performed both individually and collectively. For instance, while review of information on EMR was generally performed as an individual activity (by the on-call resident), delegation of patient assignments to the on-call intern was always performed as a group activity (i.e., by the on-call intern and resident).
The summary of the handoff phases and the related activities in each phase is provided in Fig. 4 . Using our clinician-centered approach, we were able to capture and represent the three phases in the handoff process and its characteristics. Among the three phases in the handoff process, we identified that the handoff communication phase was fairly complex and therefore warranted a deeper analysis of its structure and content.
In the next section, we describe the handoff communication framework that was developed based on the analysis of handoff communication events and interactions.
Handoff communication framework
The handoff communication framework was developed based on an iterative analysis of observation, shadowing, interview and audio-recorded handoff communication data. The framework consisted of interactions between the outgoing team (i.e., resident and intern) and an oncoming team (attending physician, fellow, resident and intern). The outgoing resident presented information (based on a list of CE's, see Table 5 ), which was then evaluated by the attending physician and the team for its accuracy and completeness. One of three decisions was made for each communication event (i.e., CE1 to CE15): accept, reject or request for additional information.
When the decision made was accept, the presented information was incorporated into the final assessment and plan without further discussion. We provide an example from our transcripts for one such ''accept'' interaction.
Outgoing
Resident:
[Present Information] ''MICU day no. 3, she was extubated yesterday. Her problems include altered mental status, hep C, alcoholic cirrhosis, alcoholic abuse, withdrawal, NSTEMI, GI bleed, thrombostatic leukemia.'' Oncoming Attending:
In this example, the outgoing resident presents information on how long the patient has been in the MICU, the patient's vent situation, an overview of the patient's past medical history, and a review of the patient's symptoms. The oncoming attending accepts the information presented and incorporates this information into the patient's assessment and plan.
When the decision made was reject, the presented information was ignored and a decision making cycle was often initiated. We provide an example from our transcripts for one such ''reject'' interaction and a decision-making cycle. ''Well, we went down on the steroids.'' Outgoing Resident:
''So, 10 and 10.''
In this example, the outgoing resident presented information related to the plan for the patient's cardiovascular system, which gets rejected by the attending physician. This consequently initiated a decision making cycle which was focused on additional team discussion about the gastrointestinal, infectious disease, and endocrine systems and what action needs to be taken next with regards to the patient. As the example highlights, the decision cycle consisted of examining the available options, establishing baseline criteria for making a decision, evaluating the available options and finally, selecting an appropriate plan of action. The selected plan of action was incorporated into the final assessment and plan for the patient (see Fig. 5 for accept and reject cycles). When the decision was to request for additional information, the outgoing resident often tried to respond with needed information. The oncoming attending evaluated the new information for its sufficiency and completeness. If the presented information was sufficient, it was accepted and incorporated into the final assessment and plan. In the example provided above, the outgoing resident presented information on the patient's values from the physical examination. After listening to the values, the oncoming attending requested for additional information on whether or not the values indicate an improvement in the patient's condition. The outgoing provides a confirmation on this and the information is then incorporated into the patient's assessment and plan.
Alternatively, if additional information provided by the outgoing resident was insufficient, it resulted in an information flow breakdown (i.e., a gap in information flow). In some cases, one or more of the team members volunteered to provide the missing information. If the attending physician deemed the additional information provided by the team as sufficient, the new information was processed and added to the final patient's assessment and plan. We provide an example from one of sessions to illustrate how missing information by the outgoing resident resulted in an information breakdown:
[Present Information] ''She actually took out her NG tube, Geodon and Ativan were given, that helps, but it seems like she was withdrawing from the alcohol.'' Oncoming Attending:
[Request Additional Information] ''Do you think she can take a PO for Librium or we have to put an NG tube?'' Outgoing Resident:
. . .{No Answer}. . .
Team Member:
[External Information Support] ''She gets a bleed from the NG tube.'' Oncoming Attending:
[Accept Information] ''I wouldn't put a NG tube back. I will try not to.''
In this example, an outgoing resident presented an update of the patient's overnight events. After listening to the critical patient events that occurred overnight, the oncoming attending requested for additional information on whether or not medication or a nasogastric intubation should be used on the patient. As the outgoing resident was unable to provide the requested information, a team member in the oncoming team (who was aware of the patient's history from past experience with patient's care) stepped in to fill in the requested information. This information was incorporated into the patient's assessment and plan. The request for additional information and external information support are shown in Fig. 6 .
If the information provided by the team members was insufficient, it was considered as an information-insufficiency problem in which case the missing information was not provided by anyone in the team and consequently resulted in an information-related problem. Under such circumstances, the MICU team tried to solve the problem through an iterative collaborative problem-solving cycle. We provide an example from our transcripts to illustrate how missing information from the team resulted in an information problem:
Outgoing Resident:
[ ''Call the lab and find out if his culture was staph. They never specified it.''
In this example, while the outgoing resident presented the patient's problem list, the oncoming attending requested for additional information on whether or not the patient has a specific type of staph infection. The outgoing resident and the other team members were unable to provide the requested information that resulted in an information problem. To resolve this problem, the MICU team initiated a collaborative problem solving cycle where they try to make sense of the problem. As the example highlights, the collaborative problem solving cycle consisted of identifying and perceiving a problem, seeking information from external sources, reviewing obtained information, critiquing the available information based on prior clinical cases, making sense of the information collectively and finally, applying the understanding to solve the problem at hand. The output from this cycle is incorporated into the final assessment and plan. The entire sequence of the handoff communication activity is depicted in Fig. 7 .
From the 80 group handoffs (over 5 days), 52% of the communication events were accepted (without any discussion), 4% was rejected and led to a decision making cycle. Of the remaining 44% that required additional information, 33% were resolved when one of the team members provided the necessary needed information. The rest 11% of communication events were not immediately resolved and went into a team-based collaborative problem solving cycle.
Using our clinician-centered data collection and mixed inductive-deductive analytical approaches, we were able to demonstrate that the handoff phase by itself was highly complex and interactive. The framework illustrated that communication complexity arises due to several factors that influenced the effectiveness of the communication activity such as multiple information flow paths and decision points, non-linear and recursive nature of decision making and collaborative problem solving activities, team interactions, and finally the pragmatic nature of the critical care environment.
Next, we discuss the implications of using the cliniciancentered approach for studying the overall handoff process in view to evaluate handoff communication activity.
Discussion: Evaluation of handoff communication
Researchers have argued that there are no good outcome measures for evaluating handoff communication [42, 46] . From our analysis, we identified a significant part of the evaluation challenge can be attributed to the inadequate methodological and theoretical approaches adopted in prior research for studying handoffs. Such limited understanding obtained by exclusively focusing on the communication activity leads to handoff intervention tools that are ill suited for the clinical environment, which consequently results in the lack of adoption and poor standardization. A more foundational integration of communication practices, theoretical frameworks and methods can lead to better handoff practices. In this section, we highlight two aspects that need to be considered for the evaluation of handoff communication in a critical care environment -methodological and theoretical frameworks for investigating handoffs.
Methodological framework for studying handoffs
As discussed earlier, most prior studies on handoffs were focused on evaluating handoff communication using patient safety measures such as the number of transition errors and related adverse events [14, 42] . We argue that handoff communication cannot be considered as an independent activity and that the evaluation of handoff communication (and its challenges) requires a cliniciancentered perspective that allows for the examination of clinician activities both prior to, and, after the handoffs. We obtained insights on the sequential and temporal organization of activities during the pre-turnover (coordination of care activities), handoff (communication of events) and post-turnover (patient care) activities. Also, by employing mixed inductive-deductive analytical method for data analysis, we were also able to identify the interdependent relationships between the phases, despite their distinct goals.
We provide an example from our data to further explain the identification of interdependencies between the handoff phases. During our shadowing of an on-call resident, we found that she had not completed two coordination activities in the pre-turnover phase for a particular patient case. This resident did not gather the patient's information from multiple sources or review the information on the patient's medical record [CA2 and CA4]. During the handoff, the on-call (outgoing) resident's presentation of this particular patient case had information flow breakdowns (missing information) in two different communication events related to overnight events and, assessment and plan for the patient care [CE2 and CE15]. When we mapped and evaluated the two phases (i.e., the pre-turnover and handoff phases) during our analysis, we found that information flow breakdowns in the handoff phase were caused by the unsuccessful completion of coordination activities (i.e., missed coordination activities) in the pre-turnover phase.
Similar interdependencies also existed between the handoff communication and patient care delivery activities (post-turnover phase). We describe an example that illustrates an information breakdown (or error) that occurred during handoffs was detected in the post-turnover phase: information that suggested a patient was thrombocytopenic (with a low platelet value of 15, and critical for the diagnosis of cancer) was missed during a handoff. The next day, a medical student (who was assisting the on-call resident) discovered this information after the discharge report was called in. Since this information breakdown was detected just before the physical transfer of the patient to another unit, and, hence recovered immediately, there was no serious impact. When asked about this incident, the on-call resident replied: ''we did not talk about that during the rounds (handoffs). She could have been bleeding when she got to the other unit''. However, if the information regarding the patient being thrombocytopenic were not discovered before transfer, the receiving unit would have been creating a significantly different plan of care. For instance, the patient's nurse in the receiving unit could administer medications such as heparin or other anti-ulcer medications that could have exacerbated the patient condition. In this particular scenario, we were able to identify that there was an information breakdown only because of the approach that we adopted that allowed for a systematic shadowing of clinician's workflow before and after the handoff communication session. Such information breakdowns magnify the important role of handoffs in not only creating errors, but also increasing the chances of propagating these transition errors across multiple shifts (or clinicians) and even across multiple units. Our methodological approach, adopts a holistic, workflowfocused perspective to capture some of the nuances of the handoff process including the inherent component activities in the handoff process and the interdependencies that existed between them. In addition, the mixed inductive-deductive analytical approach helps to locate the sources of communication breakdowns and explain the sources of these breakdowns and errors that occur during handoffs.
A theoretical framework for handoff communication
Modern clinical settings are characterized as being ''complex'' in their communication behaviors [6] , with complexity arising out of transient patient conditions, availability (or non-availability) of clinical evidence, and distributed nature of clinical information and decision-making. Consequently, it is difficult to formulate appropriate outcome measures for evaluating handoff performance in such settings [42] . What we truly lack is a model of communication, even a descriptive one, which can be a starting step for understanding the communication process and eventually enable in isolating the factors that contribute towards complexity. Especially in the case of handoffs, the absence of models or frameworks has resulted in handoff communication being considered as a ''black box.'' We strongly believe that a handoff communication framework (see Fig. 7 ), such as the one we have developed, is a promising first step for studying and examining the communication events during transitions of care in critical care settings. While we need to further evaluate the handoff communication framework in other clinical settings (e.g., another ICU or hospital), our framework suggests that there are two critical activities that occur during group handoff communication in most academic hospital settings: first, an outgoing team-driven information presentation that occurs during the initial part of the handoff and second, an oncoming team-driven learning and explanation activity that evolves during decision-making and collaborative problem solving cycles.
In addition to being descriptive, the handoff communication framework presents several possibilities for both informatics research and clinical practice. For example, to evaluate handoff outcomes: both handoff communication independently, and on the effects of clinician activities on handoff communication; to study how handoffs contribute to workflow complexity in critical care settings; to explore ways to predict information breakdowns and finally, to identify the different factors that result in information flow breakdowns (e.g., count of information breakdowns or collaborative problem-solving cycles is a useful metric for handoff communication efficacy). Additionally, identifying the types of information breakdowns in the framework is useful for tracing the causal contributors to the breakdowns (for e.g., an information breakdown could be traced to the incomplete preparatory work performed by the presenter). For instance, we identified two critical sources for information breakdowns: lack of standardization in handoff communication events and unsuccessful completion of pre-turnover coordination activities (details of which are not reported in this paper). These sources of handoff communication breakdowns suggest potential intervention strategies to improve information transfer between multiple care providers. The two potential intervention strategies we identified include (a) standardization using a handoff tool based on body-system format, and (b) collective information-push model for pre-turnover coordination [4] .
Conclusion
Clinician-centered approach, based on an underlying continuity of care model, emphasizes a more holistic perspective on the handoff process and its related outcomes. Such an approach is imperative towards designing effective intervention strategies that can be effectively integrated into handoff workflow. Besides, this approach provides a viable mechanism to study handoff at a level of information granularity that has previously not been attempted.
Our approach to utilizing long-term traces of behavior is not completely novel. Similar approaches have been widely utilized in a variety of fields including Human Computer Interaction (e.g., see [50] on exploratory sequential data analysis), communication (e.g., see [22] ) and cognitive science (e.g., see [48] ). More recently, quantitative trace-based analysis has been used to study workflow behavior in biomedical informatics (see [63] ). Nevertheless, as we have illustrated in our analysis examples, the approach provides an opportunity for researchers and practitioners to develop better understanding of the information flow process and, consequently, to design better process-based informatics tools.
One of the potential disadvantages of the clinician-centered approach is the labor-intensiveness entailed in the data collection and analysis that arises from our theoretical perspective of continuity of care. The focus on extracting the trace of clinicians' activities (including intentions, attitudes, actions and behavior) that span across time requires significant time from the researcher. Furthermore, the labor-intensiveness can also be attributed to the inherent complexity of the health care environment. A detailed and appropriate level of understanding of interdependent, dynamic activities (such as handoff) in a complex environment requires significant effort and planning [28] .
We identified two further limitations of the study. First, the results from this study may not be generalizable to other settings because it was conducted at a single critical-care setting. Being a single center study, there may be relevant issues that relate to this particular context (unit protocols and model of care) that may not be applicable to other inpatient settings. However, the use of a clinician-centered approach facilitated our examination and identification of specific activities and nuances unique to this context in view to highlight how they have an impact on the fundamental handoff process. Also, the composition of care teams performing group handoffs would be similar across various teaching hospitals. Second, the results were based on a particular type of interprofessional group handoff that may have had an influence on the handoff communication activity including its content and structure. However, the basic structure and model of handoff communication activity that was developed using a clinician-centered data collection approach can be extended to examining the communication events and information breakdowns in different types of group handoffs irrespective of their composition. Furthermore, the handoff communication framework that we developed can be used by researchers and practitioners to evaluate deviations during communication activities (when and where they occurred) and their contributors.
Key points
The analysis of communication activity in high-reliability, safety-critical settings that operate around the clock require theoretically-grounded methodology that captures the entire information flow trajectory, both before and after the formal communication activity between practitioners. Although the clinician-centered approach for data collection is data-intensive, it helps in building a robust rubric for adequate iterative analysis using the grounded theory and the structured coding methods. The illustration of this method of data collection and analysis in a critical care setting to investigate the handoff communication activity demonstrates its utility to capture and represent the following: -Nuances and complexities of handoff process that was composed of three phases: pre-turnover, handoff and postturnover phases, each associated with its own activity such as coordination activity, communication event and patientcare delivery activity respectively. -Interdependencies between the phases. For instance, the successful completion of coordination activities in preturnover phase is a pre-requisite for effective communication in handoff phase. -Handoff communication framework that highlights potential points and contributors of information breakdowns, can have significant implications for patient safety and quality.
